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1
SYSTEM AND METHOD FOR TRAINING
SIGNALS FOR FULL-DUPLEX
COMMUNICATIONS SYSTEMS

This application is related to the following co-assigned
patent application Ser. No. 14/617,679, filed Feb. 9, 2015,
entitled “System and Method for Full-Duplex Operation in
a Wireless Communications System,” which application is
hereby incorporated herein by reference.

TECHNICAL FIELD

The present disclosure relates generally to digital com-
munications, and more particularly to a system and method
for training signals for full-duplex communications systems
and use thereof.

BACKGROUND

Full-duplex is being considered as a radio access tech-
nology for Fifth Generation (5G) and beyond wireless
communication systems. In full-duplex operation, a device
simultaneously transmits and receives on the same channel.
A significant challenge in a full-duplex communications
system is interference at a device’s receiver(s), where the
interference comes directly from a transmitter(s) of the
device. Such interference may be referred to as self-inter-
ference. As an example, for a Third Generation Partnership
Project (3GPP) Long Term Evolution (LTE) base station
transceiver, the self-interference may be as much as 120 dB
higher than the sensitivity level of the receiver(s) of the
3GPP LTE base station transceiver.

Therefore, there is a need for training signals (or similarly,
pilot signals) to help facilitate channel impulse response
(CIR) estimation to enable interference cancellation in
received signals, as well as systems and methods for utiliz-
ing the training signals.

SUMMARY OF THE DISCLOSURE

Example embodiments of the present disclosure which
provide a system and method for training signals for full-
duplex communications systems and use thereof.

In accordance with an example embodiment of the present
disclosure, a method for operating a device configured to
operate in a full-duplex mode is provided. The method
includes transmitting, by the device, a training signal
derived from a sequence, the training signal configured to
facilitate an estimation of a channel impulse response (CIR)
for a communications channel between a transmit antenna of
the device and a receive antenna of the device, and estimat-
ing, by the device, the CIR for the communications channel.
The method also includes receiving, by the device, signals
corresponding to a first transmission at the receive antenna,
cancelling, by the device, self-interference present in the
received signals in accordance with the estimated CIR, the
self-interference arising from a second transmission made
by the transmit antenna of the device, thereby producing an
interference canceled received signal, and processing, by the
device, the interference canceled received signal.

In accordance with another example embodiment of the
present disclosure, a device configured for full-duplex
operation is provided. The device includes a transmitter, a
processor operatively coupled to the transmitter, and a
receiver operatively coupled to the processor. The transmit-
ter transmits a training signal derived from a sequence, the
training signal configured to facilitate an estimation of a
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channel impulse response (CIR) for a communications chan-
nel between a transmit antenna of the device and a receive
antenna of the device. The processor estimates the CIR for
the communications channel, cancels self-interference pres-
ent in received signals in accordance with the estimated CIR,
the received signals corresponding to a first transmission at
the receive antenna, the self-interference arising from a
second transmission made by the transmit antenna of the
device, thereby producing an interference canceled received
signal, and processes the interference canceled received
signal. The receiver receives the signals.

In accordance with another example embodiment of the
present disclosure, a communications system is provided.
The communications system includes a plurality of user
equipments, and a full-duplex device operatively coupled to
the plurality of user equipments. The full-duplex device
includes a processor, and a non-transitory computer readable
storage medium storing programming for execution by the
processor, The programming including instructions to trans-
mit a training signal derived from a sequence, the training
signal configured to facilitate an estimation of a channel
impulse response (CIR) for a communications channel
between a transmit antenna of the device and a receive
antenna of the device, estimate the CIR for the communi-
cations channel, receive signals corresponding to a first
transmission at the receive antenna, cancelling self-interfer-
ence present in the received signals in accordance with the
estimated CIR, the self-interference arising from a second
transmission made by the transmit antenna of the device,
thereby producing an interference canceled received signal,
and processing the interference canceled received signal.

Advantageous features of embodiments of the example
embodiments may include method for transmitting a training
signal. The method includes generating, by a device con-
figured to operate in a full-duplex mode, a plurality of
training sequences from a set of sequences, the plurality of
training sequences generated in accordance with a commu-
nications system requirement; mapping, by the device, a first
training sequence to a transmit antenna; multiplexing, by the
device, the mapped training sequence with data symbols
thereby producing a transmission stream; and transmitting,
by the device, the transmission stream.

The method could further include, wherein each sequence
in the set of sequences has a correlation matrix that is a
scaled identity matrix. The method could further include,
wherein transmitting the transmission stream comprises
filtering the transmission stream. The method could further
include, wherein the communications system requirement
comprises at least one of: a length of the sequence is equal
to a desired symbol length N before cyclic prefix being
added, where N is an integer value; a size of the set of
sequences is at least equal to a number of transmit antennas
of'the device N, ; and a sequence zone length is at least equal
to a channel delay spread L, which dictates a minimum
sequence zone length for auto-correlations and cross-corre-
lations of sequences in the set of sequences. The method
could further include, further comprising appending a cyclic
prefix to the mapped training sequence prior to multiplexing.

One advantage of an embodiment is that the use of ZCZ
sequences to generate training sequences allows for
improved CIR estimation accuracy, as well as improved
cancellation performance.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclo-
sure, and the advantages thereof, reference is now made to
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the following descriptions taken in conjunction with the
accompanying drawing, in which:

FIG. 1 illustrates an example communications system
according to example embodiments described herein;

FIG. 2 illustrates an example full-duplex device according
to example embodiments described herein;

FIG. 3 illustrates an example full-duplex subframe struc-
ture according to example embodiments described herein;

FIG. 4 illustrates an example sequence of subframes of a
frame for a communications system supporting full-duplex
operation according to example embodiments described
herein;

FIG. 5 illustrates an example full-duplex device according
to example embodiments described herein;

FIG. 6 illustrates an example interference cancellation
unit according to example embodiments described herein;

FIG. 7 illustrates a data plot of example cancelation
residuals for different sample index according to example
embodiments described herein;

FIG. 8 illustrates a flow diagram of example operations
occurring in a selection of training signals for a full-duplex
communications system according to example embodiments
described herein;

FIG. 9 illustrates a flow diagram of example operations
occurring at a device operating in full-duplex mode accord-
ing to example embodiments described herein;

FIG. 10 illustrates a diagram of an example data path for
transmitting a training signal according to example embodi-
ments described herein;

FIG. 11 illustrates an example channel estimator accord-
ing to example embodiments described herein;

FIG. 12 illustrates a first example MIMO receiver accord-
ing to example embodiments described herein;

FIG. 13 illustrates a second example MIMO receiver
according to example embodiments described herein;

FIG. 14 illustrates a data plot of example cancellation
residuals highlighting the difference between random
OFDM training signals and training signals based on ZCZ
sequences according to example embodiments described
herein; and

FIG. 15 illustrates an example communications device
according to example embodiments described herein.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The operating of the current example embodiments and
the structure thereof are discussed in detail below. It should
be appreciated, however, that the present disclosure provides
many applicable inventive concepts that can be embodied in
a wide variety of specific contexts. The specific embodi-
ments discussed are merely illustrative of specific structures
of the disclosure and ways to operate the disclosure, and do
not limit the scope of the disclosure.

One embodiment of the disclosure relates to training
signals (or pilot signals) for full-duplex communications
systems and use thereof. For example, a full duplex device
transmits a training signal derived from a zero-correlation-
zone (ZCZ) sequence configured to facilitate an estimation
of a channel impulse response (CIR) for a communications
channel between a transmit antenna of the device and a
receive antenna of the device, estimates the CIR for the
communications channel, and receives signals correspond-
ing to a first transmission at the receive antenna. The
full-duplex device also cancels self-interference present in
the received signals in accordance with the estimated CIR
and known transmitted symbols, the self-interference arising
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4

from a second transmission made by the transmit antenna of
the device, thereby producing an interference canceled
received signal, and processes the interference canceled
received signal.

The present disclosure will be described with respect to
example embodiments in a specific context, namely Third
Generation Partnership Project (3GPP) Long Term Evolu-
tion (LTE) TDD compliant communications systems that
support full-duplex operations. The disclosure may be
applied to standards compliant communications systems,
such as those that are compliant with 3GPP LTE frequency
division duplexed (FDD), IEEE 802.11, and the like, tech-
nical standards, and non-standards compliant communica-
tions systems, that support full-duplex operations.

FIG. 1 illustrates an example communications system
100. Communications system 100 includes an eNB 105.
eNB 105 may serve user equipment (UE), such as UE 110,
UE 112, and UE 114. In general, eNB 105 may operate as
an intermediary for the UEs, receiving transmissions to and
from the UEs and then forwarding the transmissions to their
intended destination. Communications system 100 may also
include a relay node (RN) 120 that uses some bandwidth
donated by eNB 105 to serve UEs, such as UE 116. RN 120
may help to improve coverage, data rate, as well as overall
communications system performance, by utilizing some
network resources donated by eNB 105. eNBs may also be
commonly referred to as base stations, NodeBs, controllers,
access points, base station transceiver, and the like, while
UEs may also be commonly referred to as stations, mobiles,
mobile stations, terminals, users, subscribers, and the like.
Communications system 100 may also include a designing
device 130. Designing device 130 may be configured to
design and/or select training signals used in full-duplex
operation. Training signals may also be commonly referred
to as pilot signals. Training signals and pilot signals may be
used interchangeably herein without loss of generality.
Designing device 130 may design and/or select training
signals for communications system 100. Alternatively,
designing device 130 may design and/or select training
signals for a portion of communications system 100 and
communications system 100 may include a plurality of
designing devices. Designing device 130 may be a stand-
alone entity as shown in FIG. 1. Alternatively, designing
device 130 may be co-located with another network entity,
such as an eNB.

While it is understood that communications systems may
employ multiple eNBs capable of communicating with a
number of UEs, only one eNB, one RN, one designing
device, and a number of UEs are illustrated for simplicity.

A half-duplex device is capable of only transmitting or
receiving at any given time, frequency, and/or spatiality that
it is allowed to communicate. In general, half-duplex
devices do not have to worry about self-interference. In
other words, since receivers of a half-duplex device are not
being used at the same time, frequency, and/or spatiality as
transmitters of the half-duplex device, the receivers do not
have to worry about interference caused by the transmitters.
A full-duplex device is capable of transmitting and receiving
at the same given time, frequency, and/or spatiality, which
may be simply referred to as a channel, over which it is
allowed to communicate. Full-duplex devices may have
built-in mechanisms to compensate for the self-interference.
A full-duplex device may also operate as a half-duplex
device.

FIG. 2 illustrates an example full-duplex device 200.
Full-duplex device 200 may be an eNB capable of full-
duplex operation. Full-duplex device 200 may also be a UE
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capable of full-duplex operation. Full-duplex device 200
may include one or more transmit antenna 205 and one or
more receive antenna 210. Since in most implementations,
transmit antenna 205 are relatively close to or collocated
(shared) with receive antenna 210, signals transmitted using
transmit antenna 205 may appear at receive antenna 210 at
significantly higher power levels than transmissions made
by remotely located devices that are transmitting to full-
duplex device 200. Although full-duplex device 200 is
shown in FIG. 2 as having collocated transmit antenna 205
and receive antenna 210, alternative implementations of
full-duplex device 200 may have collocated or remotely
located transmit antenna 205 and/or receive antenna 210. As
an illustrative example, an alternate full-duplex device may
include multiple remote antennas serving as transmit anten-
nas and/or receive antennas. Therefore, the illustration of
full-duplex device 200 having collocated antennas should
not be construed as being limiting to either the scope or the
spirit of the example embodiments.

As discussed previously, self-interference has been a
considerable hindrance in the development of full-duplex
communications systems. Generally, self-interference can-
cellation in a receiver includes channel estimation during a
training period where training signals (or pilot signals) are
transmitted to facilitate channel estimation, e.g., multiple
input multiple output (MIMO) channel estimation, CIR
estimation, and the like, and production of a replica of the
self-interference based on the known transmitting data sym-
bols and the channel estimation.

In order to support legacy devices, e.g., half-duplex
devices, existing half-duplex frame structures may be modi-
fied to support full-duplex communications, including the
transmission of training signals (or pilot signals) to facilitate
channel estimation. As an illustrative example, Third Gen-
eration Partnership Project (3GPP) Long Term Evolution
(LTE) TDD frame structures may be modified to support
full-duplex communications. FIG. 3 illustrates an example
full-duplex subframe structure 300. Full-duplex subframe
structure 300 is based on subframe configuration 3 of a
3GPP LTE TDD compliant communications system. Sub-
frames 0 and 2 of full-duplex subframe structure 300 may be
used for downlink transmissions and uplink transmissions,
respectively. Subframe 1 of full-duplex subframe structure
300 may be a special subframe including a downlink (a
DwPTS) portion 305, a guard period/training period (GP/
TP) 310, and an uplink (UpPTS) portion 315. GP/TP 310
may serve several purposes. When full-duplex subframe
structure 300 is used in conjunction with a legacy (half-
duplex) eNB, for example, GP/TP 310 may serve as a GP
between DwPTS portion 305 and UpPTS portion 315 for the
switching from downlink transmission to uplink transmis-
sion. However, when full-duplex subframe structure 300 is
used in conjunction with a full-duplex eNB, for example,
GP/TP 310 may also be used to allow full-duplex devices to
perform CIR estimation in accordance with a training signal
(or pilot signal) transmitted in half-duplex GP/TP 310. The
length of GP/TP 310 may be adjusted using special subframe
configurations.

Remaining subframes of full-duplex subframe structure
300 may be utilized in a flexible (F) manner, meaning that
each subframe may be used for downlink transmissions
and/or uplink transmissions. In other words, one or more
uplink transmissions and/or one or more downlink transmis-
sions may be scheduled for each subframe. The scheduling
for the subframes that may be used in a flexible manner may
be optimized based on a number of criterion (criteria), such
as maximum capacity, interference constraints, and the like.
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From a UE’s perspective, the UE may need to be able to
prepare an uplink transmission or a downlink reception
based on scheduling assignments received on a control
channel or higher layer signaling (such as radio resource
control (RRC) signaling).

FIG. 4 illustrates an example sequence of subframes of a
frame 350 for a communications system supporting full-
duplex operation. Frame 350 may be representative of
frames for a communications system supporting full-duplex
operation utilizing extensions to 3GPP LTE TDD compliant
communications system utilizing configurations 0, 1, 2, and
6. Frame 350 includes a first special subframe 355 compris-
ing a DwPTS portion, a GP/TP portion, and an UpPTS
portion. Frame 350 also includes a second special subframe
360. For communications system supporting full-duplex
operation utilizing extensions to 3GPP LTE TDD compliant
communications system utilizing configurations 3, 4, and 5,
a representative frame may be similar, but with an exception
that there is only a single special subframe per frame. The
length, as well as periodicity, of the training period may be
dependent upon environmental and/or communications sys-
tem factors. As an illustrative example, a signal to noise ratio
(SNR) requirement of a channel estimator at a receiver may
need to be met and may play a role in determining the length
and/or periodicity of the training period. Another factor that
may play a role in determining the length and/or periodicity
of the training period may be a requirement that the repeti-
tion of the training is less than the time coherence of the
channel, for example. A detailed discussion presenting frame
structures supporting full-duplex operation is presented in
co-assigned patent application entitled “System and Method
for Full-Duplex Transmission in a Wireless Communica-
tions System”.

FIG. 5 illustrates an example full-duplex device 400.
Full-duplex device 400 includes antennas, including antenna
405, shared by transmitters, including transmitter “TX 17
407, and receivers, including receiver “RX 17 409. Full-
duplex device 400 also includes circulators, including cir-
culator 411, which couples antennas, such as antenna 405, to
associated transmitters (e.g., transmitter 407) and receivers
(e.g., receiver 409). The self-interference at a receiver may
arise from different paths (commonly referred to as multi-
path). As an illustrative example, a transmitted signal may
leak through the circulator and be reflected by the antenna to
the receiver. Furthermore, other transmitted signals from
collocated antennas may be detected by the receiver together
with reflections of the transmitted signals off surrounding
structures. In order to effectively remove the self-interfer-
ence in a receiver, channel estimates (e.g., MIMO channel
estimates, CIRs, and the like) from the transmitters to the
receiver have to be accurately estimated so that a replica of
the self-interference may be reproduced and used to cancel
the self-interference at the receiver, for example, at inter-
ference cancellation unit 413. The received signals, after
interference cancellation, may be processed to produce
information by signal processing unit 415.

FIG. 6 illustrates an example interference cancellation
unit 450. Interference cancellation unit 450 may be an
example implementation of an interference cancellation unit
of full-duplex device 400 of FIG. 5. Interference cancella-
tion unit 450 may operate in a multi-phase mode. In a first
phase, interference cancellation unit 450 may perform chan-
nel estimation, such as CIR estimation, MIMO channel
estimation, and the like, using a channel estimation unit 455.
Channel estimation may be performed utilizing training
signals (or pilot signals) (e.g., Xy, X5, . . . , Xp;) transmitted
to facilitate channel estimation. As an illustrative example,
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referring back to FIGS. 3 and 4, the training signals may be
transmitted in half-duplex GP/TP portions of special sub-
frames. In a second phase, an interference replica generating
unit 460 of interference cancellation unit 450 may generate
a replica of the self-interference based on known transmitted
data symbols (e.g., X, X, . . . , X»;) and the channel estimate
(e.g., &,) produced by channel estimation unit 455. A
combiner 465 may combine (i.e., subtract) the interference
replica (as generated by interference replica generating unit
460) with the received signal (e.g., y,) to produce an
interference free or mitigated version of the received signal.

For discussion purposes, consider a general MIMO com-
munications system with N, transmit antennas and M,
receive antennas, as well as L, taps representing the channel
delay spread from a transmitter to a receiver, and the training
signals are transmitted in half-duplex mode, i.e., only train-
ing signals are transmitted in a training period where no
transmission is permitted from the other end of the commu-
nications. It is assumed that the CIRs between any trans-
mitter and receiver pair have the same length (i.e., L,) since
the antennas are usually collocated or co-located. However,
the example embodiments presented herein are capable of
operating CIRs with different channel delay spreads. The
baseband representation of samples at a p-th receiver may be
expressed as

P =Z e Vg g, O (=D, (),

p=12, ... .M, (1
where x,, (*) are the training symbols of the training signal
transmitted from g-th antenna, g, () are the taps of the CIR
from the g-th transmit antenna to the p-th receive antenna,
and v,, (-) are the AWGN at the receiver. It is noted that the
desired signal is not present in Equation (1) because of the
half-duplex assumption for the training signals transmitted
in the training period. For a block of N samples, n=k,
k+1, ..., k+N-1, it is convenient to collect them in a vector
and extend Equation (1) to a matrix form, which may be
expressed as

Vp=XEp Y ()]

where

Vo=l Ryt 1), .y (e N-1)]7,

3

and

Vo=V ()W), . (4)

are both Nxx1 vectors, with T denoting a matrix transpose,
and g, is an N,L,x1 vector representing the collective CIRs
from all transmit antennas to the p-th receive antenna. In
other words

- (eeN=-1)]7,

_ 8p1(0) .. gpip = 1), gp2(0) .. g2l = 1), .. T (D)

= 2, ) oo gy (Lo = 1)

The training symbols from all transmit antennas may be
stacked in an NxN,L, matrix X, which may have the form

(6
where X is an NxL, channel convolution matrix with
symbols from the g-th transmit antenna expressible as
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xg(k) Xgk=1) Lo xgtk+1-Ly) (€]
Xgtk+1) Xg(k) L Xglk+2-Lp)
q = .
Xk +N=1) x,k+N=2) ... x,(k+N—Ly)

An estimator of the CIRs g, in Bquation (2) that reaches
the Cramer-Rao Lower Bound (CRLB) may be a least-
square (LS) estimator provided that X is known and v, is a
white Gaussian noise vector, which is expressible as

X)Xy, p=12, L M, ®
where H denotes matrix conjugate transpose. A replica of the
self-interference may then be generated as

Fp=XEp ©
The cancellation residual may be expressed as

[ (10)

The LS channel estimator requires a matrix inversion of
a correlation matrix associated with the transmitted data
symbols, which is expressible as

R =X, 11)

with dimensions, N,L,xN,L,, that grow linearly with the
number of transmit antennas and the number of channel taps,
which makes it difficult to calculate the matrix inversion in
real-time for a typical MIMO system (e.g., 3GPP LTE)
where N, ranges from 2 to 8, and L, ranges from 20 and up.

It is noted that it is possible to calculate the matrix
inversion a priori and store R ™! for subsequent use. How-
ever, this solution may require a lot of memory. A typical FD
system may need multi-stages of cancellations and the
number of channel taps required for each stage may be
different. Therefore it may be necessary to store multiple
versions of R 7!, each with different dimensions. Further-
more, pre-calculating the matrix inversion restricts the
adaptability of the channel estimator by preventing it from
being able to dynamically adjust the number of taps to best
match the multipath environment.

Furthermore, calculating the matrix inversion (either a
priori or in real-time) has the numerical instability associ-
ated with the increase in dimension. For discussion pur-
poses, consider an example of a 2x2 MIMO LTE system
(N,=M,=2) with 20 MHz bandwidth, N=2048 and the cyclic
prefix length N_,=512. A Rayleigh multipath situation with
L,=40 is modeled and one orthogonal frequency division
multiplexed (OFDM) symbol with random 64-QAM data is
used for the training signal. Table 1 illustrates the numerical
instability inherent in matrix inversion. Table 1 presents
condition number of the correlation matrix of the training
signal in accordance with an example embodiment, the
channel estimation error of the LS estimator based on the
training signal, and residual mean square error (MSE) for
random OFDM symbols. With the random OFDM symbol,
the condition number of R can be as high as 1.37x10"7,
indicating that R_is close to singular and R,~" would be
numerically unstable even though the inversion was calcu-
lated using singular value decomposition (SVD) based
pseudo-inversion. The numerical instability is translated into
larger channel estimation errors and higher cancellation
residuals, which are shown in Table 1.
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TABLE 1

Numerical Instability Inherent in Matrix Inversion.

Pilots Type R, condition number max Ig - gl  Residual MSE
Random OFDM 1.37 x 107 0.47 5.15 x 1074
Symbol

ZCZ Sequence 1 479 x 10714 6.28 x 10726

In addition, numerical instability may also generate data
dependency with channel estimates, which may introduce
discontinuities between OFDM symbols in the replica of the
self-interference (as produced by Equation (9)) outside of
the training period. The discontinuity may manifest as spikes
in between OFDM symbols in the cancelation residual (as
produced by Equation (10)). FIG. 7 illustrates a data plot 500
of example cancelation residuals for different sample index.
Data plot 500 is generated from data derived from the 2x2
MIMO LTE system as described above.

According to an example embodiment, a signal with a
correlation matrix that is an identity matrix or a scaled
identity matrix is selected as the training signal (or pilot
signal) for the full-duplex communications system. In other
words,

R.=NG’Ly,;,. (12)

where zezlxq(n)lz. The LS estimator may then be express-
ible as

a3

which are cross-correlations between the training signals
and received samples and the matrix inversion would be
completely obliterated. A rearrangement of Equation (13)
based on Equations (5) and (6) may be performed to make
the channel estimator more flexible, the estimator may then
be expressed as

3 xH (14)
§p2 B 1 Xf
TNez| P2
%o, X3,
p=12 , My,

where

G l8pe 08D - &alLi DI

p=12,. .. Myq=12,... N, (15)

Equation (15) may imply that individual CIR of any of the
transmitter and receiver pairs may be estimated separately
and independently. In other words

1 (15)
PO H
gp,q—N—Uin Ypo
p=1,2,... , My,
g=1,2,... ,Np.

10

A benefit of the above observation is that the individual CIR
may have a different length, L,  instead of an equal length
of L, (which can be redefined as the maximum channel
length of all individual ones, for example). Another benefit
is that the individual channel estimators may be computed in
parallel if multiple computing engines are available.

In order to derive a more realizable sufficient condition
than Equation (12) leading to the solution (Equation (13))
and provide guidance to the design of the training signals,
Equation (11) is expanded with respect to Equation (6),
expressible as

10

xfEx, xf'x, X xy, an

15 XFx, x¥x, X Xy,

R.=X"x=
x{, X

Xf X2 o XN X,

20
Each of the sub-block matrices in Equation (17) may be

further expanded using Equation (7), expressible as

Fap g (ks ) 18)

Tar.q, k=1, k)

g1,k k=1) - g gk k=L +1)
Faark =L k=1) ... rg g tk—1 k-
Ly+1)

gk =Ly +1,
9]

Farap k= Ly + 1,
k-1

rquqz(k—Lb +1,
k—L,+1)

where

rquqz(kll,k;)ZE,,:ON’ ? *g (ke )x g, (), 41,92

ef12, ..., N, (19)

and

kpkoe{kk=1, .. . J=Ly+1}, or lkj—ks)
€{0,1,... L1}

Assume that a cyclic prefix of the last N, (N,>L,)
samples in each of the training signals is appended before
transmitting. Then the correlation of Equation (19) becomes
a periodic correlation within the zone of L, lags of Equation
(20), with n+k; and n+k, being mod of N. The proposition
of Equation (12) becomes true if

40 (20)

45

N, ki=ks @

0, otherwise

50 ralky, ko) = rgqtky, k2) ={

geil, 2, ..., Np}

55 and

F a1 \k1.K2)=0,q,2q, and 9196112, . . . N} (22)

for any k,; and k, in the zone of Equation (20). The sufficient
conditions of Equations (21) and (22) within the zone of
Equation (20) are the definitions of the zero-correlation-zone
(ZC7) sequences.

According to an example embodiment, a ZCZ sequence is
used as training sequences in full-duplex communications
systems. In general, any of the ZCZ sequences, such as the
binary and polyphase ZCZ sequences, may be used as the
training signals for each of the transmit antennas in a MIMO
full-duplex communications system, so long as the param-

60

65
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eters of the ZCZ sequences set satisfy the requirements of
the communications system. Examples of the requirements
may include: the length of the ZCZ sequence being equal to
the desired symbol length N (before cyclic prefix being
added); the size of the ZCZ sequences set being equal to or
greater than the number of transmit antennas N,; and the
ZCZ zone length being equal to or greater than the channel
delay spread L, which may dictate a minimum ZCZ-zone
length for auto- and cross-correlations of the sequences in
the ZCZ sequence set; and the like. Due to the wide
availability and the large degrees of freedom in the design of
ZCZ sequences, the example embodiments can be tailored to
almost any communications system (e.g., OFDM and/or
OFDMA, Single Carrier and CDMA systems, and the like).

It is understood that training signals based on a ZCZ
sequence set is just one example of realizing the sufficient
condition expressed in Equation (12). Other types of
sequences may be used as training signals so long as the
condition expressed in Equation (12) is satisfied.

FIG. 8 illustrates a flow diagram of example operations
600 occurring in a selection of training signals for a full-
duplex communications system. Operations 600 may be
indicative of operations occurring in a device, such as a
full-duplex device such as a full-duplex eNB and/or a
full-duplex UE, or a designing device, such as designing
device 130, as the device selects training signals for a
full-duplex communications system.

Operations 600 may begin with the device selecting a set
of signals that meet communications system requirements
(block 605). The set of signals may meet the condition as
expressed in Equation 12, as well as in Equations (21) and
(22). As an example, ZCZ signals may be used and the set
of ZCZ signals selected may meet conditions as set in
Equations (12), (21), and (22). The set of ZCZ signals
selected may also meet communications system require-
ments, such as the length of the ZCZ sequence being equal
to the desired symbol length N (before cyclic prefix being
added); the size of the ZCZ sequences set being equal to or
greater than the number of transmit antennas N,; and the
ZCZ zone length being equal to or greater than the channel
delay spread L, which may dictate a minimum ZCZ-zone
length for auto- and cross-correlations of the sequences in
the ZCZ sequence set; and the like. The device may save the
set of ZCZ signals (block 610). The set of ZCZ signals (or
information about the set of ZCZ signals, which may be
sufficient to generate a duplicate of the set of ZCZ signals)
may be saved to a local memory, a remote memory, a local
database, a remote database, a local server, a remote server,
and the like.

FIG. 9 illustrates a flow diagram of example operations
700 occurring at a device operating in full-duplex mode.
Operations 700 may be indicative of operations occurring at
a device, such as an eNB capable of full-duplex operation or
a full-duplex UE, as the device operates in full-duplex mode.

Operations 700 may begin with the device transmitting a
training signal for full-duplex CIR estimation (block 705).
The training signals may be a ZCZ signal or any other type
of signal satisfying Equation (12) selected for meeting
communications system requirements. The training signals
may be selected by the device, a designing device, a tech-
nical standard, an operator of the communications system,
and the like. The device may measure self-interference in
accordance with the training signal, as well as estimate CIR
(block 710). The device may send and/or receive (block
715). The device may cancel interference present in the
received signals by using the estimated CIR (block 720).
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The device may process information contained in the
received signals after the interference cancellation (block
725).

FIG. 10 illustrates a diagram 800 of an example data path
for transmitting a training signal. Diagram 800 may be
representative of a data path for transmitting a training
signal comprising a ZCZ sequence or any other type of
signal satisfying Equation (12) selected meeting communi-
cations system requirements, the training signal used to
facilitate CIR estimation of a full-duplex channel. Diagram
800 may include a sequence set builder 805, a mapper 810,
a cyclic prefix unit 815 if necessary or required by the type
of training signals, a multiplexer 820, a filter 825, and radio
frequency (RF) circuit 830. Sequence set builder 805 is
configured to generate a sequence set, e.g., a training signal
sequence set, from a ZCZ signal. Sequence set builder 805
is configured to have as input the communications system
requirements, including: the length of the ZCZ sequence
being equal to the desired symbol length N (before cyclic
prefix being added); the size of the ZCZ sequences set being
equal to or greater than the number of transmit antennas N, ;
and the ZCZ zone length being equal to or greater than the
channel delay spread L, which may dictate a minimum
ZC7Z-zone length for auto- and cross-correlations of the
sequences in the ZCZ sequence set; and the like, and to
generate the sequence set in accordance with the commu-
nications system requirements.

The sequence set may be provided to mapper 810, which
is configured to map the sequence to transmit antenna ports.
Mapper 810 may select a sequence from the sequence set for
each of the transmit antennas. In general, a sequence
selected for a transmit antenna is unique and is not reused for
other transmit antennas. In a situation where the sequence
set is larger than the number of transmit antennas, the
unselected sequences may be assigned to neighboring cells
to help mitigate co-channel interference. Cyclic prefix unit
815 is configured to add a cyclic prefix to the selected
sequences, producing extended sequences. The cyclic prefix
used may be of length N_,, where N_z[,. The extended
sequences may be multiplexed by multiplexer 820. Multi-
plexer 820 may multiplex the extended sequences with data
symbols, producing a stream of symbols. Filter 825 is
configured to filter the stream of symbols, to ensure that the
symbols meet spectral requirements, for example. RF circuit
830 is configured to functions to prepare the filtered symbols
for transmission, including up-conversion, amplification,
and the like.

FIG. 11 illustrates an example channel estimator 900.
Channel estimator 900 is configured to estimate the channel
between the transmit antennas and receive antennas of a
full-duplex device utilizing the training signals transmitted
using the transmit antennas. Channel estimator 900 includes
a cyclic prefix unit 905, a matrix multiply unit 910, a
sequence selector 915, a convolution matrix unit 920, and a
scaling unit 925. Cyclic prefix unit 905 is configured to
remove a cyclic prefix appended to a training sequence as it
is transmitted, producing a received training sequence y,,.
Matrix multiply unit 910 is configured to multiply the
received training sequence (y,,) with a ZCZ sequence used as
the training sequence X, The ZCZ sequence may be
selected in accordance with a value, e.g., an index associated
with a transmit antenna, q, provided to sequence selector
915. The selected ZCZ sequence may be used to generate the
convolution matrix by convolution matrix unit 920, produc-
ing X . Output of matrix multiply unit 910 may be scaled by
scaling unit 925 to produce the channel estimate g, .
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FIG. 12 illustrates a first example MIMO receiver 930.
MIMO receiver 930 may be a serial implementation of a
MIMO receiver at a receiver of a full-duplex device. FIG. 13
illustrates a second example MIMO receiver 960. MIMO
receiver 960 may be a parallel implementation of a MIMO
receiver at a receiver of a full-duplex device. It may be
possible for the length of individual CIRs of a transmitter-
receiver pair to be different, as long as L, <L,.

FIG. 14 illustrates a data plot 1000 of example cancella-
tion residuals highlighting the difference between random
OFDM training signals and training signals based on ZCZ
sequences. As shown in FIG. 14, a first trace 1005 represents
cancellation residuals of random OFDM training signals as
shown in FIG. 7, and a second trace 1010 represents
cancellation residuals of training signals based on ZCZ
sequences. The ZCZ sequences used are Zadoft-Chu
sequences with system parameters: N,=M,=2; LTE system
BW=20 MHz; N=2048; N_,,=512 and L.,=40. A base Zadofi-
Chu sequence is generated with length N and root u=1 (the
choice of root of 1 is arbitrary and other roots that are
relatively prime to N can also be used). In other words,

x1(n) ={

n=0,1,...

ej”"”z/N, N is even 23)

et N N e odd ’

,N-1.

The base Zadoff-Chu sequence may be cyclically shifted by
a series of N_ =128 places to generate a set of 16 ZCZ
sequences with a maximum ZCZ zone of N_—1 (127) due to
the cyclic shift properties of Zadoft-Chu sequences. The
ZCZ zone size N_~1 is chosen such that it is greater than L,
and could handle channels with maximum delay spread of
128 taps. The set can be used in a system with maximum
number of 16 transmit antennas. The rest of the ZCZ
sequences in the set are expressible as

x (m)=x ((n+(g-1)128)mod N), ¢=2,3, . . . ,16; n=0,

L....N-1 (24)
It is noted that the use of the Zadoff-Chu sequences allows
for a high degree of flexibility and a large degree of freedom
to support a wide range of communications system require-
ments, i.e., the sequence length, ZCZ zone length, the set
size, and the like. Comparing first trace 1005 with second
trace 1010, it can be seen that both the channel estimation
accuracy and the cancellation performance are improved.
Furthermore, the numerical stability is improved.

FIG. 15 illustrates an example communications device
1100. Communications device 1100 may be an implemen-
tation of a full-duplex device, such as a full-duplex eNB or
a full-duplex UE. Communications device 1100 may be used
to implement various ones of the embodiments discussed
herein. As shown in FIG. 15, a transmitter 1105 is configured
to transmit frames, training signals, and the like. Commu-
nications device 1100 also includes a receiver 1110 that is
configured to receive frames, training signals, and the like.
Other conventional units, such as encoder, decoder, modu-
lator and demodulator used in the transmitter and the
receiver, are not shown here for succinctness.

A training sequence generating unit 1120 is configured to
generate training sequences used in CIR estimation. Train-
ing sequence generating unit 1120 is configured to generate
training sequences from ZCZ sequences or any other type of
sequences satisfying the condition expressed in Equation
(12). Training sequence generating unit 1120 is configured
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to generate training sequence that meet communications
system requirements. A mapper 1122 is configured to map
the training sequence to transmit antenna ports. Mapper
1122 is configured to select a training sequence from the
training sequences for each transmit antenna. A cyclic prefix
unit 1124, if necessary, is configured to add a cyclic prefix
to the selected training sequences to produce extended
sequences, or to remove the cyclic prefix from the received
signals. A multiplexer 1126 is configured to multiplex the
extended sequences with data symbols. A filter 1128 is
configured to filter the multiplex symbols, to ensure that the
symbols meet spectral requirements, for example. A mea-
suring/estimating unit 1130 is configured to measure a
channel. Measuring/estimating unit 1130 is configured to
measure the channel in accordance with training signals.
Measuring/estimating unit1130 is configured to estimate
CIR of the channel based on the measurement of the
channel. Interference cancelling unit 1132 is configured to
cancel interference (self-interference and otherwise) from
received signals. Interference cancelling unit 1132 is con-
figured to generate an interference replica from known
transmitted data and the estimated CIRs to subtract from the
received signal to generate an interference cancelled signal.
A memory 1140 is configured to store training sequences,
received signals, channel measurements, CIR estimates,
interference replicas, interference cancelled signal, and the
like.
The elements of communications device 1100 may be
implemented as specific hardware logic blocks. In an alter-
native, the elements of communications device 1100 may be
implemented as software executing in a processor, control-
ler, application specific integrated circuit, or so on. In yet
another alternative, the elements of communications device
1100 may be implemented as a combination of software
and/or hardware.
As an example, receiver 1110 and transmitter 1105 may be
implemented as a specific hardware block, while training
sequence generating unit 1120, mapper 1122, cyclic prefix
unit 1124, multiplexer 1126, filter 1128, measuring/estimat-
ing unit 1130, and interference cancelling unit 1132 may be
software modules executing in a microprocessor (such as
processor 1115) or a custom circuit or a custom compiled
logic array of a field programmable logic array. Training
sequence generating unit 1120, mapper 1122, cyclic prefix
unit 1124, multiplexer 1126, filter 1128, measuring/estimat-
ing unit 1130, and interference cancelling unit 1132 may be
modules stored in memory 1130.
Although the present disclosure and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the disclosure
as defined by the appended claims.
What is claimed is:
1. A method for operating a device configured to operate
in a full-duplex mode, the method comprising:
transmitting, by the device, a training signal derived from
a sequence, the training signal configured to facilitate
an estimation of a channel impulse response (CIR) for
a communications channel between a transmit antenna
of the device and a receive antenna of the device;

estimating, by the device, the CIR for the communications
channel;

receiving, by the device, signals corresponding to a first

transmission at the receive antenna;

cancelling, by the device, self-interference present in the

received signals in accordance with the estimated CIR,
the self-interference arising from a second transmission
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made by the transmit antenna of the device, thereby
producing an interference canceled received signal; and

processing, by the device, the interference canceled
received signal,

wherein transmitting the training signal comprises gener-
ating a plurality of training sequences from a set of
sequences in accordance with a communications sys-
tem requirement, mapping a first training sequence to a
transmit antenna, multiplexing the mapped first training
sequence with data symbols to produce a transmission
stream, and transmitting the transmission stream as the
training signal.

2. The method of claim 1, wherein the sequence has a

correlation matrix that is a scaled identity matrix.

3. The method of claim 1, wherein the plurality of training
sequences comprises a zero-correlation-zone (ZCZ)
sequence.

4. The method of claim 1, wherein the communications
system requirement comprises at least one of: a length of a
training sequence is equal to a desired symbol length N
before a cyclic prefix is added, wherein N is an integer value;
a size of e the plurality of training sequences is at least equal
to a number of transmit antennas of the device N,; and a
sequence zone length of the plurality of training sequences
is at least equal to a channel delay spread L, which dictates
a minimum ZCZ zone length for auto-correlations and
cross-correlations of the plurality of training sequences.

5. The method of claim 1, wherein the plurality of training
sequences are derived from Zadoff-Chu sequences.

6. The method of claim 1, wherein the training signal is
transmitted while the device is operating in a half-duplex
mode.

7. The method of claim 1, wherein the training signal is
transmitted in a special subframe comprising a downlink
portion, a training portion, and an uplink portion.

8. The method of claim 7, wherein the training signal is
transmitted in the training portion of the special subframe.

9. The method of claim 7, wherein the training signal is
transmitted in the downlink portion and the training portion
of the special subframe.

10. The method of claim 1, wherein each sequence in the
set of sequences has a correlation matrix that is a scaled
identity matrix.

11. The method of claim 1, wherein transmitting the
transmission stream further comprises filtering the transmis-
sion stream.

12. The method of claim 1, further comprising appending
a cyclic prefix to the mapped first training sequence prior to
multiplexing.

13. A device configured for full-duplex operation com-
prises:

a transmitter configured to transmit a training signal
derived from a sequence, the training signal configured
to facilitate an estimation of a channel impulse
response (CIR) for a communications channel between
a transmit antenna of the device and a receive antenna
of the device;

a processor operatively coupled to the transmitter, the
processor configured to estimate the CIR for the com-
munications channel, cancel a self-interference present
in received signals in accordance with the estimated
CIR, the received signals corresponding to a first trans-
mission at the receive antenna, and the self-interference
arising from a second transmission made by the trans-
mit antenna of the device, thereby producing an inter-
ference canceled received signal, and process the inter-
ference canceled received signal; and
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a receiver operatively coupled to the processor, the
receiver configured to receive the received signals; and

wherein transmit the training signal comprises generating
a plurality of training sequences from a set of
sequences in accordance with a communications sys-
tem requirement, mapping a first training sequence to
the transmit antenna, multiplexing the mapped first
training sequence with data symbols to produce a
transmission stream, and transmitting the transmission
stream as the training signal.

14. The device of claim 13, wherein the plurality of
training sequences comprises a zero-correlation-zone (ZCZ)
sequence.

15. The device of claim 13, wherein the transmitter is
configured to transmit the training signal in a half-duplex
mode.

16. The device of claim 13, wherein the transmitter is
configured to transmit the training signal in a training
portion of a special subframe.

17. The device of claim 16, wherein the transmitter is
configured to transmit the training signal in a downlink
portion of the special subframe.

18. The device of claim 13, wherein the device comprises
an evolved NodeB.

19. A method, comprising:

transmitting, a zero-correlation-zone (ZCZ) sequence

selected from a set of ZCZ sequences over a transmit
antenna of a device, the device configured to operate in
a full-duplex mode;

receiving the ZCZ sequence over a receive antenna of the

device;
estimating a channel impulse response (CIR) for a com-
munications channel between the transmit antenna and
the receive antenna according to the ZCZ sequence;

transmitting a first signal over the transmit antenna of the
device;

receiving a second signal over the receive antenna of the

device, the first signal and the second signal being
full-duplexed signals and the second signal comprises
a self-interference component attributable to the first
signal; and

cancelling, by the device, the self-interference component

from the second signal in accordance with the esti-
mated CIR.

20. The method of claim 19, wherein the set of ZCZ
sequences has a correlation matrix that is a scaled identity
matrix.

21. The method of claim 19, wherein the set of ZCZ
sequences is derived from a Zadoff-Chu sequence.

22. The method of claim 19, wherein each ZCZ sequence
in the set of ZCZ sequences has a length that is equal to a
pre-defined symbol length without a cyclic prefix added.

23. The method of claim 19, wherein the transmit antenna
of the device comprises multiple antenna elements, wherein
a number of ZCZ sequences in the set of ZCZ sequences is
equal to or greater than a number of the multiple antenna
elements in the transmit antenna of the device.

24. The method of claim 19, wherein the set of ZCZ
sequences has a ZCZ zone length that is equal to or greater
than a predefined threshold for auto-correlations and cross-
correlations of the set of ZCZ sequences.

25. The method of claim 19, wherein the ZCZ sequence
is transmitted when the device is operating in a half-duplex
mode.

26. The method of claim 19, further comprising mapping
the ZCZ sequence to the transmit antenna of the device
before transmitting the ZCZ sequence.
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27. The method of claim 19, wherein transmitting the
ZCZ7 sequence comprises:
multiplexing the ZCZ sequence with data symbols to
produce a transmission stream; and
transmitting the transmission stream over the transmit 5
antenna.



